The calpain protease system, in particular, µ-calpain is involved in the disassembly of specific myofibrillar proteins, resulting in tenderization of meat postmortem. Given the size, complexity, and integral nature of titin to the structure of the sarcomere, it is plausible that the length of a sarcomere may alter the susceptibility of various domains of titin to cleavage by the calpains. Therefore, we hypothesized titin degradation differs in a sarcomere-length-dependent manner in beef. After slaughter, beef carcasses were split and sides were either suspended by the Achilles tendon (normal suspension, NS) or by the aitchbone (hip suspension, HS). Immediately after suspension, samples were dissected from the LM, psoas major (PM), and semitendinosus (STN) muscles to serve as 0-d controls. After 24 h, 4 steaks were removed from each muscle and randomly assigned to 1-, 4-, 7-, or 10-d aging treatments. After the assigned aging period, myofibrils were purified for determination of sarcomere length. Warner-Bratzler shear force analysis was also performed to evaluate differences in tenderness. Muscle proteins were solubilized and subjected to SDS-VAGE (vertical agarose gel electrophoresis) to evaluate titin degradation. Sarcomere lengths differed (P < 0.0001) between contralateral muscles of NS and HS carcasses. Quantification of SDS-VAGE gels revealed less (P < 0.05) intact titin in the PM muscle of NS carcasses at each aging period compared with the PM of HS carcasses. No significant differences (P > 0.05) were detected in the disappearance of intact titin among suspension methods in the LM or STN. These data demonstrate that suspension method alters proteolysis of titin and suggest an increase in sarcomere length may contribute to the susceptibility of titin to postmortem proteolysis in beef.
INTRODUCTION
One of the primary issues facing the beef industry is product consistency. Providing consumers with a guaranteed tender eating experience would likely increase demand, but requires segregation of beef carcasses on the basis of tenderness, either inherent to a carcass or developed through various aging protocols. Efforts to identify a useful marker of postmortem beef tenderness have revealed that troponin T (TnT) degradation parallels increases in meat tenderness, as determined by Warner-Bratzler shear force (WBSF) evaluation (Lonergan et al., 2001; Hwang et al., 2004; Weaver et al., 2008) . Although degradation of TnT has been used to estimate meat tenderness development, the nonstructural nature of this protein limits its use as an effective tool for developing new, robust technologies for predicting tenderness as mediated through postmortem-based mechanisms. Titin, conversely, is an extremely large protein (Fukuda et al., 2008 ) that essentially acts to maintain the overall organization and integrity of the myofibrillar ultrastructure (Huff-Lonergan et al., 1996) . The fact that titin serves such a critical structural role strongly argues that titin degradation may occur more rapidly in muscle tissue of more tender retail cuts than those that are less tender and may be a more useful predictor of tenderness. Although previous studies have evaluated the role of titin in postmortem proteolysis and tenderness development (Anderson and Parrish, 1989; Fritz et al., 1993; Huff-Lonergan et al., 1996) , the relationship between proteolysis of this protein and sarcomere length has not been adequately addressed. Therefore, the aim of this work was to determine the role of sarcomere length on the postmortem degradation of titin.
MATERIALS AND METHODS
Animal care and experimental protocols were not approved by the Animal Care and Use Committee because samples were collected from the state-inspected South Dakota State University Meat Laboratory.
Muscle Samples
Fourteen market weight beef cattle were slaughtered using accepted commercial processing practices. After splitting of the carcasses, one side of each carcass was either suspended by the Achilles tendon (normal suspension, NS) or by the aitchbone (hip suspension, HS) to induce differences in the sarcomere length of the LM and semitendinosus (STN), psoas major (PM) muscles. A 10-g sample was removed from each muscle early postmortem (within 45 min after death), frozen in liquid nitrogen, and stored at −20°C to use as a reference for the amount of intact protein at the time of death in comparison with aged samples. At 1 d postmortem, the entire PM and STN were removed from the NS and HS side of each carcass along with a 20.32-cm section of the LM (lumborum portion). The "deep" portion of the STN was removed to reduce variation. From each of these muscles, 2 adjacent 2.54-cm steaks were removed from contralateral muscles, vacuum-packaged, and allowed to age for 1 or 10 d postmortem at 4°C and frozen at −20°C for WBSF determination. Also, 0.6-cm slices were removed from each muscle, vacuum packaged, and assigned postmortem aging periods of 1, 4, 7, or 10 d at 4°C. Upon completion of the assigned aging period, samples were frozen at −20°C for later determination of sarcomere length and titin degradation. One-half of each sample was used to determine sarcomere length and the other one-half used for the analysis of titin degradation.
Sarcomere Length Determination
Myofibrils were purified from the aged 0.6-cm slices according to a modified procedure by Weaver et al. (2008) . Approximately 2 g of muscle was minced with a knife and homogenized in 35-mL rigor buffer (RB, 75 mM KCl, 10 mM imidazole, 2 mM MgCl 2 , 2 mM EGTA, 1 mM NaN 3 , pH 7.2) for two 15-s bursts at medium-low speed using an Ultra-Turrax T25 homogenizer (Janke & Kunkel GmbH & Co. KG., Staufen, Germany). Suspensions were centrifuged at 1,000 × g for 10 min at 4°C. Supernatants were discarded, and samples were resuspended in RB, rehomogenized, and recentrifuged 2 more times. The remaining pellet was suspended in 20 mL of RB with 0.1 µM phenylmethylsulfonyl fluoride, diluted by an equal volume of glycerol and stored at −20°C.
Sarcomere length was determined according to a modified procedure by Mohrhauser et al. (2011) . Briefly, 200 µL of washed myofibrils, diluted 1:500 in RB, was centrifuged (Cytofuge 2, model M801-22, Westwood, MA) at 140 × g for 4 min at 20°C onto a microscope slide. Samples were incubated for 45 min at 37°C with a monoclonal anti-α-actinin antibody (A7811 Sigma, St. Louis, MO) diluted 1:5,000 in RB.
Gel Electrophoresis
Samples for the analysis of titin degradation were subjected to a whole muscle protein extraction procedure modified from Warren et al. (2003) . Briefly, muscle samples were pulverized in liquid nitrogen and 50 mg was mixed with 750 µL of solubilization buffer [8 M urea, 2 M thiourea, 3% SDS (wt/vol), 75 mM dithiothreitol, 0.05% bromophenol blue, 0.05 M TrisHCl, pH 6.8] and heated at 97°C for 3 min. Protein concentration was determined using the Bio-Rad RC DC protein assay (Bio-Rad, Hercules, CA). Samples were diluted with sample buffer to 4 mg/mL and centrifuged at 16,000 × g for 5 min at 25°C before electrophoresis. Samples were either loaded on separating gels immediately or stored at −80°C. Because of a freezer malfunction, the number of muscle groups analyzed was 8 (PM), 13 (LM), and 13 (STN).
Vertical agarose gel electrophoresis (SDS-VAGE) was performed in accordance with those procedures reported by Warren et al. (2003) . Briefly, samples (32 µg) were electrophoretically separated on 1% vertical agarose gels [30% (vol/vol) 
WBSF
Aged steaks from 1 and 10 d were thawed for 24 h at 4°C and cooked to an endpoint internal temperature of 71°C on an electric clamshell grill (George Foreman, Indoor/Outdoor Grill, model GGR62, Lake Forest, IL). Peak internal temperatures were taken and recorded for each steak using a handheld thermometer (model 39658-K, Atkins Technical, Gainesville, FL) inserted into the geometric center of the steak. Steaks were then cooled for 24 h at 4°C before excising 6 cores (1.27-cm in diameter) parallel to the muscle fiber orientation (AMSA, 1995) . Each core was analyzed by shearing perpendicular to the fiber direction with a WarnerBratzler shear machine (G-R Electric Manufacturing Company, Manhattan, KS). Peak force (kg) required to shear the sample was recorded and averaged for the cores of the same steak to obtain a single value for each steak.
Statistic Analysis
Data are represented as mean ± SE. Differences between sarcomere length, shear force, and electrophoresis data were analyzed with a Fit Model in JMP (SAS Inst. Inc., Cary, NC). Aging times (1, 4, 7, or 10 d) and suspension methods (HS vs. NS) were treated as fixed effects, and means were evaluated with a least squares difference test. Statistical significance was determined at the P < 0.05 level.
RESULTS AND DISCUSSION
Figure 1 illustrates shortened and stretched myofibrils generated in this study. The 2 carcass suspension methods induced differences (P < 0.0001) in sarcomere length between contralateral muscles (Table 1) . The greatest sarcomere length difference between the 2 suspension methods (HS and NS) occurred in the PM with lengths of 2.06 and 3.64 µm, respectively. Resulting shear force values (Table 2) differed (P < 0.05) with suspension method only for the LM and PM at 1 d, but not the STN. Bendall (1951) first suggested that sarcomere length, in particular the shortening that accompanies rigor mortis development, leads to meat toughening. Herring et al. (1965) expanded these conclusions and demonstrated that muscles with longer sarcomeres have less resistance to shearing than those with shorter sarcomeres. According to Herring et al. (1967) , mean sarcomere length is related to the contractile state of muscle and influences meat tenderness. Modifications in carcass hanging protocols can stretch muscles, increase sarcomere length, and improve tenderness ratings (Hostetler et al., 1970) . Though this improves the tenderness of selected muscles, other muscles can be negatively affected. Specifically, Hostetler et al. (1970) reported a significant increase in sarcomere length and improvement in tenderness between suspension methods of the LM with HS. Consequently, a significant decrease in sarcomere length and tenderness resulted in the PM of HS sides. Because sarcomere length affects shear force (Davis et al., 1979; Wheeler et al., 2000) , sarcomere length (Table 1) likely caused the shear force differences between muscles at 1 d (Table 2) . At 10 d postmortem, only the PM was significantly different for WBSF (P < 0.05) between treatments. The lack of treatment differences for WBSF at 10 d for the LM and STN is likely mediated by postmortem proteolysis. Means with different superscripts differ within a row (P < 0.0001) between mean muscle fiber lengths of Achilles-suspended (NS) and hip-suspended (HS) contralateral muscles. Standard errors are pooled within row. 1 PM = psoas major muscle; STN = semitendinosus muscle. Means with different superscripts differ (P < 0.05).
1 PM = psoas major muscle; STN = semitendinosus muscle.
Curiously, tenderness improved (P < 0.05) with time in the LM and STN muscles, but not in the PM, regardless of suspension method. Improvement in shear force values occurring with aging in the LM and STN are undoubtedly explained by the time-dependent changes in proteolytic events in the muscle and agree with previous work (Huff -Lonergan et al., 1995) . Postmortem proteolysis results in the enzymatic cleavage of structural proteins that essentially act to "loosen" the highly organized structure of muscle, which weakens the structure of the myofibrils and ultimately improves meat tenderness (Koohmaraie, 1996) .
A lack of detectable improvements in shear force values of PM core samples is most likely a result of the extremely low initial shear force. The NS-PM is significantly less (P < 0.0001) than any other muscle × treatment combination at 1 and 10 d. Although it is possible the control (NS) PM may have had a decreased shear force from its long sarcomere length, additional tenderization was not evident by changes in Warner-Bratzler values through the 10-d aging period. These data are consistent with those of Wheeler and Koohmaraie (1999) . Granted, shear force of the PM in treated carcasses (HS) differed (P < 0.05) from both the LM and STN initially (1 d), but no differences were detectable at the end of the 10 d of aging. In fact, the HS-PM shear force does not change with storage time. The 1-d shear force value is in contrast to Wheeler and Koohmaraie (1999) that revealed greater shear force values for shortened PM at 1 d; however, by 10 d, the data in this study were similar to the previous work (Wheeler and Koohmaraie, 1999) . In that study, however, researchers made comparisons between muscles remaining on the carcass with others that had been removed shortly after death and placed in an ice bath to simulate a cold-shortening protocol to address conflicting tenderization of cold-shortened meat. In the present study, muscles were not removed from carcasses until 24 h postmortem, which resulted in longer sarcomeres and likely prevented cold-shortening. Additionally, Smulders et al. (1990) observed a strong relationship between sarcomere length and tenderness of "unaged" meat, strongly implicating sarcomere length as a primary factor influencing meat tenderness.
A representative Coomassie-stained agarose gel of intact titin and its degradation products are illustrated in Figure 2 . Lanes are grouped by suspension method to demonstrate variation in titin degradation that occurs with postmortem aging. Native intact titin (top band, ~3,000 kDa) decreases with time postmortem. Correspondingly, additional bands become evident below intact titin as aging increases, regardless of the method of suspension, including the largest titin fragment (T2) that is approximately 2,400 kDa.
Titin degradation appeared to occur at different rates across different muscles. Figure 3 reveals the differences in band density of intact titin at each time point. At 1 d postmortem, the PM contains less (P < 0.05) intact titin than the LM and STN. By 4 d, the remaining intact titin in the PM and STN are less (P < 0.05) than the LM. However, by 7 d and continuing through 10 d, no differences (P > 0.05) existed between any muscles. These data demonstrate differential degradation between muscles over time and suggest that distinct muscle differences exist in proteolytic rates postmortem. These results agree with previous work (Melody et al., 2004) showing that the PM exhibits faster titin degradation than any other muscle studied. This increased rate of titin disappearance has been partially explained by an extremely rapid pH decline that occurs in PM postmortem. Presumably, a rapid pH decline would reduce the Ca 2+ requirement from 3.0 to 50 µM to 0.5 to 2.0 µM, respectively, and thereby cause earlier autolysis of µ-calpain (Goll et al., 2003) . The cause of an increased pH decline in this muscle is to date unknown; however, fiber type difference has been suggested (Melody et al., 2004) . Whereas temperature is an obvious possibility, we did not directly measure temperature or pH declines in this study, yet others have shown that suspension has no effect on temperature or pH decline postmortem (Rees et al., 2003) . Understanding further the mechanisms responsible for an exaggerated pH decline in the PM postmortem may provide insight into this phenomenon. This is especially true in the PM. It is possible that the accelerated pH decline is partially due to the extreme stretch placed upon the muscle during NS. However, this claim cannot be determined within the parameters of this study. Figure 4 reveals that the NS-PM, which has longer (P < 0.05) sarcomeres, possesses less (P < 0.05) intact titin compared with the HS-PM, which conversely possess shorter (P < 0.05) sarcomeres. Curiously, almost 85% of the decrease in intact titin occurs within the first 24 h postmortem in the NS-PM. As a result, very little additional degradation occurs with continued storage. Further, the HS-PM fibers have a reduced (P < 0.05) rate of degradation compared with NS-PM. By 10 d of storage, the HS-PM muscles still had not achieved the same extent of titin degradation as control PM muscle. This observation is partially contradictory to the implications of Wheeler and Koohmaraie (1999) , who showed that sarcomere length does not affect the extent of proteolysis of PM desmin or TnT. The present study indicates that extremely long sarcomeres are associated with an increase in the extent of titin degradation in the PM.
Even so, titin degradation in the NS-PM proceeds at a much faster rate (P < 0.05; Figure 4 ) than any muscle or treatment combination. This aggressive rate of postmortem proteolysis is not surprising. This is in agreement with Melody et al. (2004) , who showed that titin degrades quickest in the PM. From these observations, Melody et al. (2004) hypothesized that µ-calpain is activated sooner postmortem as a result of a more rapid pH decline, which initiates myofibrillar proteolysis earlier. Unfortunately, sarcomere length was not evaluated in that study. Therefore, we readily acknowledge that in the present study titin proteolysis, as measured by the disappearance of intact bands in our gel-based system, occurred most rapidly in the PM regardless of suspension method compared with all other muscles studied. Even so, however, a pronounced suspension difference clearly existed between NS-PM and HS-PM treatments and suggests proteolysis indeed is affected by muscle stretch. Figure 3 details the slower titin proteolysis of the LM and STN compared with the PM. However, significant differences exist between the LM and STN at 4 d postmortem, indicating increased proteolysis rates of titin. Degradation of titin in the STN between treatments occurred similarly to that in the PM. At 1 d postmortem, the NS-STN possessed greater (P < 0.05) intact titin than HS-STN. By 4 d, a numerical difference still existed, though not significant (P = 0.0989). A similar numerical trend was evident through 10 d. Whereas the difference was less divergent, these results support our thesis that sarcomere length affects proteolysis. These results agree with previous work (Hostetler et al., 1970) that shows the STN is stretched with HS. The resulting sarcomere length in both studies is almost identical. However, we would expect that if longer sarcomeres were created in the STN-HS above 3.0 µm, a response more closely resembling the PM could be simulated. However, differences in the pH decline and subsequent µ-calpain activation cannot be simulated as possible explanations for the extremely aggressive proteolysis that occurs in the PM and is at least partially responsible for its extremely high eating quality.
In the LM, degradation of the native titin band occurred through 10 d, but no significant differences were observed with suspension at any age studied. This result was unexpected given that we observed a significant difference between the sarcomere lengths of the NS-LM and HS-LM. However, sarcomere length differences between NS and HS in the LM were not nearly as divergent as in the PM or STN. The longest sarcomeres were 2.43 µm (HS-LM), whereas the shortest were 1.82 µm (NS-LM), resulting in a sarcomere length difference of only 0.61 µm. Previous studies show the thick filament length in beef being very close to 1.5 µm (Page and Huxley, 1963) and the thin filament length as 1.3 µm (Ringkob et al., 2004) . Considering the aforementioned filament lengths and an observed sarcomere length of 2.43 µm in the LM and that maximum thick and thin filament overlap indeed occurs very close to 2.6 µm, more rigor bonds occur in this muscle compared with the longest sarcomere lengths of the PM and STN, which were 3.64 and 2.97 µm, respectively. Though subject to some debate, this greater overlap may prevent or reduce significantly enzyme-substrate interactions and subsequently slow proteolysis. Thus, we accept that although significant sarcomere length differences were created, a much greater increase may be necessary to induce significant differences in proteolysis. Nonetheless, we believe this is the cause of the significant difference at 10 d in the amount of intact titin between the NS-PM and HS-PM samples.
In conclusion, postmortem proteolysis of titin occurred faster in bovine muscles with longer sarcomere lengths. Although increased degradation rates did not necessarily translate into increased tenderness, this study shows that titin is one of the best predictors of shear force and provides an in vivo model that better represents normal postmortem conditions while supporting in vitro studies (Weaver et al., 2008 (Weaver et al., , 2009 ). 
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